Acyl-CoA:O-lysophospholipid acyltransferase activity was measured in extracts of developing safflower (Carthamus tinctoriis var. UC-1) seeds.
Desaturation and hydroxylation of oleate are thought to occur on oleoyl phosphatidylcholine in all of the plant tissues which have been studied (6, 8, 9, (11) (12) (13) (14) . When oleoyl-CoA is added to the microsomes of avocado mesocarp (8) , developing safflower (15) , or developing castor bean (6) , the acyl component is rapidly transferred to position 2 of PC.3 Stymne and Glad (14) recently provided some evidence that the mechanism ofthis acyltransferase reaction involves a direct acyl exchange between oleoyl-CoA and PC. In an attempt to better understand the enzymic systems involved in oleate desaturation and hydroxylation, we decided to solubilize and characterize the microsomal acyltransferase which presumably is the first step in each of these two processes.
MATERIALS AND METHODS
Materials. [1-_4CJOleic acid (57 mCi/mmol), [1_-4C]palmitic acid (54 mCi/mmol), [1-14C] stearic acid (57 mCi/mmol), [1-'4C] linoleic acid (51 mCi/mmol), and [1-_4C] linolenic acid (60 mCi/ mmol) were obtained from New England Nuclear. Acyl-CoA's were prepared by the chemical method of Bishop and Hajra (2).
1-O-Alkyl,2-acetyl sn glycero phosphocholine and 3-(3-cholamidopropyl dimethylammonio)-l-propane sulfonate were obtained from Calbiochem. All other reagents were obtained from Sigma. All of the lysophospholipids were acylated in the 1 position.
Developing safflower seeds (Carthamus tinctorius var. UC-l) were ' Supported in part by the National Science Foundation, Grant No. PCM-7903976. 2 Present address: United States Department of Agriculture Plant Science Laboratory, 600 East Mermaid Lane, Wyndmoor, PA 19118. 3 Abbreviations: PC, phosphatidylcholine; lyso-PC, lysophosphatidylcholine (1-acyl).
harvested from the field in July 1980 and stored at -20°C until used.
Preparation of Cell Fractions. After removal of the seed coat, the cotyledons were washed with distilled H20 and homogenized with a mortar and pestle in 10 volumes of chilled grinding buffer (0.3 M sucrose, 0.15 M Tricine, with the pH adjusted to 7.5 with KOH). The homogenate was filtered through 44 ILm2 nylon cloth and centrifuged at 500g for 10 min. The 5OOg supernatant and fat pad were combined and centrifuged at 12,000g for 20 min. The 12,000g fat pad and pellet were each resuspended in grinding buffer with a Teflon homogenizer. The 12,000g supernatant was further centrifuged at 100,000g for 1 h. The 100,000g pellet was resuspended in grinding buffer with a Teflon homogenizer. To this microsomal fraction was added an equal volume of aqueous detergent. This mixture was incubated on ice for 1 h and then centrifuged at 100,000g for 1 h. This final 100,000g supernatant contained solubilized acyltransferase and was assayed directly.
Enzyme Assays. Acyltransferase was routinely measured with constant shaking at 30°C in a reaction mixture containing 100 mm Tris-HCL (pH 9), 0.5 nmol [-I4C]oleoyl-CoA (about 60,000 cpm), 30 iM lyso-PC (palmitoyl), and 50 u1 of solubilized microsomes (50 ,ug protein) in a volume of 1 ml. After incubation, the lipids were extracted with hexane isopropranol as described previously (5) and PC was separated from other lipids by TLC on 250-,um Silica Gel G plates developed in chloroform:methanol:acetic acid:H20 (65:50:5:3, v/v). The PC spot was detected with 12, scraped, and counted with Phase Combining System (Amersham) -Xylene (2:1). Protein was measured by the Lowry method (4).
RESULTS
Characteristics of Centrifugal Fractions. Acyltransferase activity, on a per g seed basis, was nearly equally distributed in the 500g pellet, 12,000g fat pad, 12,000g pellet, and 12,000g supernatant (Table I) . When the 12,000g supernatant was centrifuged at 100,000g, 150%1o of the activity was recovered in the pellet. This stimulation is probably due at least in part to the removal of 80% of the acyl-CoA thioesterase activity (rate of release oflabeled free fatty acids, data not shown) associated with the supernatant.
The specific activity of acyltransferase was highest in the fat pad, which however had a lower protein content than the other centrifugal fractions. Most of the oleate-desaturase activity was found previously to be present in the microsomes (16) . Because we felt that this acyltransferase may be involved in oleate desaturation, we chose to study its properties in the centrifugal fraction with the highest desaturase activity, namely the microsomal fraction. Preparation of microsomes from 12,000g supernatant resulted in a 13-fold enrichment of acyltransferase activity. Solubilization of the microsomes with n-octylglucoside (Table I and II) gave an additional 2-fold purification. This partially purified preparation was used as a source of enzyme for the rest of the studies.
Various treatments were used in an attempt to solubilize the acyltransferase activity from the microsomes (Table II) . Deoxycholate and lyso-PC were the most effective solubilizing agents, and n-octylglucoside was slightly less effective. Deoxycholate was not used for routine solubilization because it was extracted with the lipids and complicated the TLC assay. Although lyso-PC was an excellent solubilizing agent for this enzyme, it was not routinely used because it also served as an acyl acceptor (see Table IV ). nOctylglucoside solubilized 85% of the acyltransferase and 50%o of the protein from the microsomes and was chosen as the solubilizing agent for enzymic studies. Unlike the intact microsomes, the n-octylglucoside-solubilized microsomes were unable to catalyze either the NADH-dependent desaturation of oleate from oleoylCoA or the ATP and CoA-dependent acyl-CoA synthesis (data not shown). Triton X-100 solubilized about one-third of the activity from the microsomes, while 3-(3-cholamidopropyl dimethylammonio)-I-propane sulfonate and KCI were ineffective. Product Identification. Phospholipase A2 was used to identify the TLC-separated product as PC and to show that all of the acyl component was transferred from acyl-CoA to the 2-position of PC (Table III) . [1_'4C]Oleoyl-CoA was incubated with lyso-PC and solubilized enzyme. After 20 min, 18% (12,693 cpm) of the labeled lipid was PC. Phospholipase A2 was then added to the reactionmixture and it was incubated another 10 min. After phospholipase treatment, 92% of the counts were in the free fatty acid fraction and no new counts were found in lyso-PC. This experiment shows that with the solubilized lyso-PC-dependent acyltransferase activity essentially all of the labeled oleate on PC was at carbon 2, confirming earlier results from this laboratory (15) . Since exogenous lyso-PC was the only acyl acceptor and there was very little endogenous acyl acceptor, it is reasonable to conclude that the Table III . Product Identifcation The reaction mixture contained the standard components described under "Materials and Methods" (solubilized microsomes were used as a source of enzyme). After incubation for 20 min, 0.05 mg phospholipase A2 from Crotalus durinus terrfifcus venom and 20 Mmol CaCl2 were added.
The phospholipase was allowed to incubate with the mixture for 10 min. Lipids were then extracted with isopropanol-petroleum ether, separated on TLC, bands extracted and counted as described previously.
Lipid The pH optimum of acyltransferase activity in the microsomes and when solubilized is dependent on the presence of both lyso-PC and BSA. In the absence of lyso-PC, the pH optimum of acyltransferase activity with endogenous acceptor(s) in the microsomes was pH 5 (Fig. IA) . BSA was slightly inhibitory at all pH values, but the optimum pH remained at pH 5. Addition of lyso-PC caused a 5-fold stimulation of activity, and yielded a broad peak with a pH optimum of about 8. When BSA was added in combination with lyso-PC, it had no effect on the activity at pH 4 to 6 but was highly inhibitory at pH 7 to 9, resulting in a sharp peak at pH 6 . In contrast, the solubilized enzyme had very low activity in the absence of lyso-PC. In the presence of lyso-PC, the pH optimum of the solubilized enzyme was a broad peak at pH 9 ( Fig. 1 B) . When both lyso-PC and BSA were added, the activities were much lower, especially at higher pH values. With solubilized microsomes, BSA and lyso-PC, a slight peak was observed at pH of the best acyl 6, but the activity at all pH values was much lower than without BSA. These results are of interest since they reveal the effect of a number of commonly used reagents on the acyltransferase at different pH values and either membrane-bound or soluble.
Acyltransferase activity was tested with low concentrations of several acyl-CoAs (Fig. 2) . Interestingly, the highest activity was obtained with oleoyl-CoA. With palmitoyl, linoleoyl, and stearoylCoA, the activities were progressively lower, and with linoleoylCoA the activity was below the limits of detection. Although the specificity of this enzyme was fairly broad, the observation that (Fig. 3) . Possible acyl acceptors were tested for activity with the solubilized enzyme (Table IV) . Among the five lyso-PCs, the highest activity was obtained with the oleoyl derivative and progressively lower activities were obtained with the stearoyl, myristoyl, palmitoyl, and lauroyl derivatives. A relatively high level of activity was observed with lyso-PA. Low levels of activity were observed with the other lyso-phospholipids and with glycerol-3-phosphate and glycerolphosphorylcholine.
The saturation kinetics of three of the best acyl acceptors were studied (Fig. 4) . Of the three substrate, lyso-PC (l-oleoyl) was the best acyl acceptor in all concentrations tested. with palmitoyl and oleoyl-lyso-PC, the activity increased up to 30 Mm and dropped off at higher concentrations. The activity with lyso-PA was lower at 10 to 20 Mm but was nearly equal to that obtained with either of the lyso-PCs at 50 to 100 Mm. For routine experiments, 30 LM lyso-PC was chosen as the acyl acceptor.
When either PC or phosphatidic acid was tested as a substrate, a low level of acyl exchange was detected (by the appearance of new counts on the PC spot after TLC). Acyl exchange was also observed when monoolein was added, since all of the new counts were located at the monoolein TLC spot. An unusual reaction was observed when diolein was tested as a potential acyl acceptor. If 14C label had appeared in the diacylglycerol band, an acyl exchange mechanism would have been suspected. However, all of the new counts actually appeared in the monoacylglycerol peak, suggesting a deacylation and then a reacyltion cycle. Very high levels of activity were observed when l-O-alkyl,2-acetyl sn glycero phosphocholine was tested as a potential acyl acceptor. Although this type of ether lipid has not been detected in plants, its acylated product has been shown to be readily desaturated (ie. l-O-alkyl,2-acyl sn glycero phosphocholine) by mammalian microsomal enzyme preparations (1) . It is possible that the 2-acetyl function is rapidly hydrolyzed and the free hydroxyl function is then rapidly acylated.
The activity of the solubilized acyltransferase was affected by the addition of several exogenous compounds (Table V) . The only significant stimulation of activity was observed when ethanol was added. Inhibition by BSA was described previously (see Fig. 1 ).
Glycerol and DTT were slightly inhibitory. Varying degrees of inhibition were observed with each of the divalent cations, and, as expected, the inhibition was reversed with EDTA. NADH had no effect on the acyltransferase activity in the microsomes or in the solubilized preparation, which indicated that the rate of acyltransfer was the same whether or not its product (1-acyl,2-oleoyl-PC) was undergoing NADH-dependent oleate desaturation.
DISCUSSION
The presence of acyl-CoA:lysophospholipid o-acyltransferase activity in all of the centrifugal fractions, except the 100,000g supernatant ( Table I ), suggests that it may be involved in other processes as well as in oleate desaturation. It is likely that in developing safflower the plastids are the sole site of de novo fatty acid synthesis, as was shown in spinach leaves (7) Table IV . Because lyso-phospholipids are such strong detergents, their production is probably under strict regulatory control. Because lyso-phosphatidic acid, and not glycerol-3-P, was also a fairly good acyl acceptor, the acyltransferase may be involved in the synthesis of triacylglycerols. However, the strict specificity of this enzyme for insertion at the number 2 carbon of the phospholipid is good evidence that other acyltransferases are required to acylate the number 1 and 3 carbons. The preference of this enzyme for oleoyl-CoA and the low affinity for linoleoylCoA suggests that this acyltransferase may be involved in the desaturation of oleate (10).
A similar acyltransferase activity in spinach leaf preparations was described previously (3) . That SDS-solubilized enzyme was also stimulated by lyso-PC, but not nearly as much as was the solubilized enzyme from safflower microsomes (Fig. 4) . The effect of BSA was also not reported. The possible involvement of the spinach acyltransferase in oleate desaturation was not discussed, but the results of a more recent study (9) suggest its possible role.
In the microsomes of developing soybean, Stymne and Glad (14) recently demonstrated a high rate of acyl exchange between oleoyl-CoA and PC. Although we were able to detect some acyl exchange in our safflower preparation, the rates of acyl transfer to lyso-PC were much higher than the rates of acyl exchange (Table   IV) . In order to demonstrate acyl exchange, Stymne had to add high concentrations (10 mg/ml) of BSA (14) . In our solubilized microsomal preparation, acyltransferase activity was actually inhibited by BSA. More 
